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The conductance of monoatomic gold wires has been studied using ab initio calculations and the transmission was found to vary with the elastic strain. Counter-intuitively, the conductance was found to increase for the initial stages of the elongation, where the structure has a zigzag shape and the bond angles increase from %140 toward %160 . After a certain elongation limit, where the angles are relatively high, the bond length elongation associated with a Peierls distortion reverses this trend and the conductance decreases. These simulations are in good agreement with previously unexplained experimental results. Gold nanowires are extremely ductile and thin down to single atom chains (SACs) during tensile deformation. This unusual ability has attracted a great deal of attention from a basic science viewpoint since SACs exhibit remarkable electrical and structural properties. Gold SACs also have great potential in applied fields such as nanoelectronics. Many experimental 1-10 and theoretical [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] studies have been carried out to explain the SAC formation and its electrical characteristics. Using density-functional theory (DFT) simulations, it was found that during the nanowire elongation, the arrangement of the gold atoms changes from three-dimensional (3D) phases to a variety of two-dimensional (2D) phases and finally to SACs, which elongate gradually from one up to about nine atoms in the chain. 24, 25 The electrical studies revealed that during the nanowire elongation, the conductance decreases in a step-like fashion due to structural rearrangements that affect the number of available conductance channels. 26, 27 Within each step, a variety of electrical behaviors were found experimentally and explained using conductance simulations. 7, 25 After the formation of the SAC, small fluctuations (%15%) in the conductance were experimentally observed during elongation. 7 Several theoretical studies 21, 28, 29 demonstrated that these fluctuations occur when a single gold atom transitions from the 2D part of the nanowire to the SAC. This movement increases the number of atoms in the SAC by one and changes its state from even to odd and vice versa. It was found 28 that these states have different transmission spectra that make the conductance higher for odd numbers of atoms in the SAC and lower for even numbers. Another effect that has been satisfactorily explained is the gradual decrease of conductivity within a "plateau" during elastic elongation, which has been attributed to bond stretching.
However, another important characteristic behavior of SACs has not yet been explained. As seen in Fig. 4 of Refs. 7 and 9, in Fig. 3 of Ref. 8 and in Fig. 1 of the present study, the measured conductance is sometimes observed to gradually increase during elastic elongation immediately after a Au atom in a 2D configuration suddenly inserts itself (pops) into the 1D chain. A similar conductance increase has recently been reported in tensile experiments on a single molecule of gold-1,4'-benzenedithiol in a gold break junction. 30 The authors attributed the conductance increase to a strain-induced shift of the highest occupied molecular orbital (HOMO) towards the Fermi level of the electrodes. This mechanism is not applicable to a Au SAC since the HOMO is already at the Fermi level. In this study, DFT and conductance simulations are used to investigate the origins of this counter-intuitive conductance behavior in Au SACs. For the conductance calculations, we elongated chains of different lengths and investigated the corresponding changes in the conductance. It is well known 21, 28, 29 that odd-even oscillations in the conductance are observed as the number of atoms in the SAC increases. However, in this work, the primary interest is in how the conductance increases with elastic elongation, and this effect occurs equally for all chain lengths. Therefore, even though different SAC lengths were investigated (from 2 atoms to 7 atoms), only results for 6 atom chains are discussed here. All of the findings obtained for this length apply to other SAC lengths as well. Understanding all of the mechanisms that control the conductance in atomic-scale wires is important both from a basic science standpoint and for applications in nanoelectronics and nanodevices.
II. METHODOLOGY
Several different types of simulations are reported, including tensile deformation of two dimensional and SAC Au configurations, with corresponding quantum conductance calculations. These simulations are then compared to experimental results.
The calculations performed to elongate the nanowires were carried out in the framework of density functional theory (DFT) using the DMol 3 code. [31] [32] [33] This code employs localized basis sets, which make them fast and particularly well suited for cluster calculations. We used a real-space cutoff of 4 Å and a double-zeta, atom-centered basis set (dnd). The exchange-correlation potential was treated within the Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation (GGA) approach. 37 The ion core electrons of the Au were described by a hardness conserving semilocal pseudopotential (dspp); 38 only the outer electrons (5s 2 5p 6 5d 10 6s 1 ) were treated as valence electrons. The geometry optimization was performed using a conjugate gradient approach based on a delocalized internal coordinate scheme. 39, 40 The system was considered converged when the change in total energy dropped below 10 À4 eV and the maximum displacement dropped below 10 À4 Å . For the SAC calculations, the simulation cell only had periodicity along the SAC axis (z axis), and 1 Â 1 Â 10 Monkhorst-Pack k-points 41 were used during the relaxations. Details on how the actual elongation of the wire was performed are given in Ref. 24 .
The conductance calculations were performed at zero bias using a non-equilibrium Green's function technique based on the Landauer formalism, 34 and local density approximation (LDA) approach 42 with a double-zeta polarized (DZP) numerical basis set, 43 as implemented in the ATK package. 17, 35, 36 The system was divided into three regions: the left and right Au electrodes and the central scattering region. For the latter, we used the atomic configurations obtained by the elongation. In this work, as in Ref. 44 , triangular Au electrodes were used. More details on how the conductance is computed are given in Ref. 44 . Details on the 2D chain simulations may be found in Ref. 24 .
In this paper, the results from four kinds of simulations are examined. In the first two sets of simulations, an existing SAC is elongated. At each elongation step, the SAC is relaxed either by allowing motion only along the chain axis or by allowing a full 3D relaxation. In the first instance, we are forcing the SAC into a linear configuration; in the second instance, a more realistic non-linear configuration was found, which is referred to as a monoatomic "zigzag" in this work. As discussed in greater detail in Sec. III, the angles between the atoms in this "zigzag" structure ranged from about 135 to about 175
, depending on the degree of elongation. To clarify the effect of the angle on the conductance, in the third simulation, we calculate the conductance for several SACs having fixed geometries without relaxation but with different bond angles. In the last simulation, we started from a more realistic 2D structure, and elongated it until a SAC was formed. We then continued elongating the wire and analyzed the conductance properties of the complete system (SAC þ remaining 2D structure). This simulation is completely equivalent to those described in Ref. 24 . This more general approach allows the SAC to elongate, not only just through the elongation of the existing bonds but also through the addition of new atoms to the chain itself.
Historically, many experiments have probed electrical conduction in Au nanowires by rapidly making and breaking numerous contacts, then generating histograms of observed conduction values.
1-4,7 Instead, we have developed a feedback-stabilized break junction (FSBJ) instrument, 45 with exceptional mechanical stability, and used it to draw individual Au nanowires and single atom chains quasistatically at 4 K while measuring the elongation and conductivity of the wire. At the heart of the FSBJ is a fiber-optic Fabry-Perot interferometer of our own design 46 that has been optimized for dc and low-frequency stability. In this system, a Au break junction is formed between the tip of a Au wire and a Au flat; a 5 mV bias is applied to measure the conductance. Parallel to the Au wire, a Fabry-Perot interferometer cavity is formed between the cleaved end of an optical fiber and the same Au flat used for the break junction. The interferometer is capable of detecting changes in the position of the Au flat with 2 pm resolution, and its output is used to stabilize the cavity length with the same precision. It is this level of long-term stability in the position of the Au tip relative to the Au flat that makes the experimental results described here possible.
III. RESULTS
Using the FSBJ, we have performed hundreds of Au break-junction experiments at 4 K using several different Au tips and multiple contact locations on a given Au flat. We focus here on 11 experimental results that exhibited low conductance contacts (G % G 0 , where G 0 ¼ 2e 2 /h, with e the electron charge and h Planck's constant) and are slowly drawn out until they break. This drawing process typically took from 1 s to 30 s. Representative examples of our findings are displayed in Figs. 1(a) and 1(b) . Figs. 1(a) and 1(b) show the unexplained conductance increase that sometimes occurs after an atom pops into the SAC from the gold nanowire (GNW). This phenomenon is rarely distinguished in the experiments and the ability to distinguish it depends on the stability of the experimental system and on the structural stiffness of the SAC grips. As can be seen (Figs. 1(a) and 1(b) ), the conductance state indicates that the GNW contains a SAC region, and the step-like change in the conductance indicates a Au atom popping-into the SAC. In Fig. 1(a) , after the pop-in, the conductance drops abruptly to about 0.91 G 0 and then quickly increases to around 0.94 G 0 (at 8 Å displacement). This kind of conductance increase can also be seen in experimental results that have been published previously. [7] [8] [9] Another, longer, occurrence where the conductance of a Au SAC is observed to increase with elastic strain is shown in Fig. 1(b) ; here, the conductance exhibits a continuous increase from 0.936 G 0 to 0.952 G 0 . The difference in the observed rate of increase of the conductance is discussed in the summary. Despite the counter-intuitive nature of this behavior and the importance of understanding all of the measured conductance features, this unusual behavior has never previously been explained or discussed.
As a first step in investigating the deformation of a Au SAC, we determined the zero-stress bond length for a uniformly deformed, linear SAC, i.e., a SAC where all of the bonds are the same and all of the atoms are along a straight line. Under these very simplified conditions, the zero-stress bond length was found to be about 2.62 Å . As a consequence, to explore chains under both compressive and tensile strains, we examined SACs with wire lengths from 12.4 Å to 14.7 Å , which correspond to an average bond distance from 2.48 Å to 2.94 Å in the case of a straight chain. Then, to understand the effect of the elongation process on the conductance of gold SACs, we performed two kinds of simulations. First, the effect of bond elongation on the conductance of SACs (Fig. 2) was studied by restricting the atoms to a linear configuration. This restriction is not entirely physical, since fully relaxed SACs exhibit at least some degree of zigzag character. Thus, our second set of simulations dropped this restriction and examined the combined effect of bond lengths and bond angles in the SAC (Fig. 3) . Fig. 2 shows the bond length ( Fig. 2(a) ) and conductance ( Fig. 2(b) ) changes that occur during the elongation of a linear SAC composed of six gold atoms. Here, the SAC was uniaxially elongated from 12.4 Å to 14.7 Å , and gold atoms were allowed to relax only within the direction of elongation. As can be seen (Fig. 2(a) ), the behavior of the bonds in the SAC can be divided into two stages. Below a SAC length of 14 Å , all of the bond lengths increased linearly with elongation. Upon further elongation, three of the Au-Au bonds decreased in length and the remaining two bonds elongated more rapidly than before to compensate. This behavior is generally referred to as a Peierls distortion. The lengthening of the atomic separation decreases the orbital overlap causing the conductance to go down. As shown in Fig. 2(b) , the SAC conductance decreased at a moderate rate until the SAC reached 14 Å . Once the Peierls distortion occurred, the slope of the conductance curve steepened by a factor of three. Thus, conductance is more sensitive to the maximal bond length than to either the average bond length or the total length of the SAC. This Peierls behavior is illustrated beautifully with the inset isosurfaces in Fig. 2(b) . When the length of the SAC was more than 14 Å , the primary decrease in the electron density occurred only within the two maximal bond lengths. Fig. 3 demonstrates the combined effect of bond length and angle changes on the conductance of a zigzag SAC structure. In this simulation, the SAC was uniaxially elongated from 12.4 Å to 14.7 Å and the gold atoms were allowed to relax both in the elongation direction and perpendicular to it. During the initial stages of the elongation towards 14 Å , the bond lengths ( Fig. 3(a) ), the bond angles ( Fig. 3(b) ), and the conductance (Fig. 3(c) ) all increased. This remarkable behavior is consistent with the experimentally observed increases in conductance with elongation discussed above. Further elongation caused a slow decrease in the lengths of three bonds, a rapid increase in the other two bond lengths and a moderate increase in the bond angles. These geometric changes produced a relatively sharp decrease in the conductance, consistent with the latter stage of the linear SAC elongation shown in Fig. 2 . This simulation demonstrates that both bond lengths and bond angles play an important role in controlling the conductance. Initially, conductance increases even though the increasing bond lengths would normally be expected to produce a decrease in the conductance (see Fig.  2(a) ). Thus, at this stage, the increasing bond angles are the dominant factor. Beyond a SAC length of % 14 Å , the bond angles change very little (Fig. 3(b) ) while the lengths of two of the bonds increase significantly (Fig. 3(a) ). In this regime, the elongation of the maximal bond length controls the conductance, which rapidly decreases until the bonds break.
To investigate the effect of the bond angle by itself on the conductance, two kinds of analysis were made. At first, we calculated the conductance for different bond angles from 150 to 180 on fixed atom configurations with equal bond lengths of 2.8 Å (Fig. 4(a) ). Second, we used the data obtained from the previous simulation (Figs. 2 and 3 ) to see if this effect exists also in more realistic simulations where the bond lengths are not equal and the atoms are allowed to 
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relax. We first fitted a polynomial function to the linear SAC simulation to obtain the dependence of the conductance on the maximal bond length (Fig. 4(c) ). For the zigzag SAC simulation, we then determined the maximal bond length for each SAC length. This allowed us to obtain two conductance values for each SAC length for the zigzag SAC simulation: the wire conductance that we calculate directly from the simulation (Fig. 3(c) ) and the fitted conductance from the maximal bond length (Fig. 4(c) ). Fig. 4(b) shows the difference between these two conductance values. By assuming that there are no synergistic effects between the bond length and bond angles, this conductance difference describes the effect of the bond angle on the conductance. As seen in Figs. 4(a) and 4(b), the conductance smoothly increases with increasing bond angle. This mechanism dominates during the initial stages of the elongation where the maximal bond length increases very slowly (Fig. 3(a) ). However, during the later stages of the elongation, the increase in the maximal bond length overcomes the effect of increasing bond angle and the wire conductance decreases.
This bond-angle effect may be understood in terms of the changing relative orientation of the conducting electron orbitals. In gold SACs, the conductance is mostly governed by the 5d electrons. As the angle increases, these orbitals become more aligned with the equivalent orbitals of the adjacent atom, therefore increasing the orbital overlap and the overall conductance. To strengthen our interpretation, we performed conductance simulations as described for Fig. 4(a) for Li atoms instead of gold ones. Li atoms conduct mostly with their 2s electrons, which have no directionality. In this case, the angle increase does not affect the distance or alignment between 2s orbitals. We found that, in the Li case, the bond angle has almost no effect on the conductance (dashed line in Fig. 4(a) ).
The simulations described above explore the conductance behavior of a Au SAC as it is elastically stretched. However, experimental systems are much more complex, with thicker samples thinning to SACs and the number of Au atoms in the SAC increasing with elongation. In order to broaden our investigation to more realistic systems, we next examine what happens when a 2D nanowire evolves into a SAC during tensile deformation. The 2D system used here was studied previously 24 in earlier DFT simulations. In this simulation, the SAC is created by bond-breaking within the starting 2D structure and, unlike the previous simulations, the number of Au atoms in the SAC increases as the deformation continues. This process affects the bond lengths, the bond angles, and the number of Au atoms in the SAC, and therefore changes the conductance. Fig. 5 shows the structural and conductance changes that occur during the elongation processes.
As can be seen in Fig. 5 , the conductance decreases and increases in a cyclic manner during the elongation. The sharp conductance decrease from A!B is related to the initial formation of a SAC from the starting 2D structure. The subsequent drops from C!D and E!F are not straightforward and involve several structural changes that take place at the same time. However, for the G!H!I path, the bond angles are higher than 170 (and therefore have only a small effect on the conductance), the number of atoms in the SAC is constant, and the main structural change is an increase in the maximal bond length that causes the conductance to decrease. The observed increase in the conductance from B!C, D!E and F!G involves increases in both bond lengths and bond angles. As found in the earlier simulations, the increasing bond lengths suggest that the conductance should decrease, but the increasing bond angles dominate the process and cause the conductance to increase.
IV. SUMMARY AND CONCLUSIONS
The DFT and conductance simulations described above provide an explanation for the counter-intuitive increase in conductance that Au SACs sometimes exhibit during elastic elongation. This unexpected behavior has been observed in our own experiments and also in others. [7] [8] [9] The increase in conductance is attributed to the gradual increase in the bond angles that occurs when a zigzag-shaped Au SAC elongates. In the simulations, this behavior commonly appears immediately following major structural transitions such as the addition of atoms to the SAC (see Fig. 5 ). However, this behavior is only rarely observed in experiments. As described previously, 25 the simulated transitions produce large changes in the force on the nanowire and can even produce a SAC that is under a slight compressive rather than tensile load, thus enhancing the range of bond angles observed during stretching. In most experimental systems, the SAC evolves through an extensive ductile thinning process that leaves long, thin "grips" attached to the much smaller SAC. Thus, when a Au atom pops into the SAC, this region is immediately stretched again due to the elastic strain of the grips, and the added length of a single atom hardly affects either the force on the wire or the bond angles in the SAC. In mechanical testing terms, the experiment can have a large mechanical compliance and the assumption of strict displacement control is not valid for the SAC region. Thus, the opportunity for observing a conductance increase during SAC elongation depends upon the shape of the grips (and thus the spring constant) that develops during the experiment. In contrast, in the simulations the grips are very short, their compliance is negligible, and the conductance increase is readily observed.
